Background Meta-analyses have identified promising behavior change techniques (BCTs) in changing obesity-related behaviors from intervention descriptions. However, it is unclear whether these BCTs are used by intervention participants and are related to outcomes. Purpose The purpose of this study is to investigate BCT use by participants of an intervention targeting physical activity and diet and whether BCT use was related to behavior change and weight loss. Methods Intervention participants (N=239; 40-69 years) with recently diagnosed type 2 diabetes in the ADDITIONPlus trial received a theory-based intervention which taught them a range of BCTs. BCT usage was reported at 1 year.
Background
Health behavior change interventions typically teach participants a set of techniques (e.g., goal setting) to facilitate behavior change. To aid the design of new interventions and to optimize their efficacy, systematic reviews and meta-analyses have attempted to identify "active ingredients" of effective interventions. Several reviews have used taxonomies of behavior change techniques (BCTs) to classify intervention content and examine associations between BCTs and outcomes. For instance, the recently published Behavior Change Technique Taxonomy (v1) includes 93 behavior change techniques presented in 16 hierarchical clusters, which can be delivered by intervention providers or used by participants as part of self-management [1] .
A systematic review of physical activity interventions for adults with type 2 diabetes [2] showed that interventions that included a higher number of BCTs were associated with better outcomes. However, a systematic review of dietary and physical activity interventions for obese adults with comorbidities [3] and a review of worksite physical activity interventions failed to find this association [4] . Reviews have also investigated whether specific BCTs are associated with larger effects.
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A meta-analysis using meta-regression found that selfmonitoring in combination with at least one self-regulation technique, such as goal review, was related to diet and physical activity intervention effectiveness [5] . A meta-analysis of workplace physical activity interventions [6] identified specific goal setting and goal review to be associated with effectiveness among studies using fitness measures; although a similar, more recent review [4] found no significant relationship between individual BCTs and effectiveness. In a review of physical activity interventions targeting people with diabetes [2] , no definitive list of effective BCTs could be identified, but the authors suggested some promising BCTs-these included prompting review of behavioral goals, planning social support and social change, goal setting, and barrier identification/problem solving. Interventions targeting physical activity (PA) and/or dietary behaviors, aimed at obese adults with obesity-related comorbidities or risk factors, were found to be more effective when including the provision of instructions, self-monitoring, relapse prevention, and prompting practice, as well as self-regulatory BCTs for dietary change [3] . A recent review investigating PA interventions among obese adults [7] identified more than 20 BCTs related to intervention effectiveness, including self-monitoring of behavioral outcome, social support/social change, teach to use prompts/cues, prompt practice, and prompt rewards contingent on effort or progress towards behavior. In sum, no clear picture of the most effective BCTs emerged, which may be due to differences across the reviews in included studies, covariates included in meta-regressions, types of outcomes, and BCT taxonomies used. On the whole, PA and diet change interventions including BCTs linked with self-regulation (e.g., goal setting, self-monitoring) have been found to be more effective than interventions which did not include these BCTs [8] .
A major limitation with the reviews described above is that conclusions about the effectiveness of BCTs are based on intervention descriptions. However, the intervention that was delivered may differ from what was intended [9] . If intervention delivery is not assessed, or fidelity of delivery is low, it is difficult to interpret how the intervention achieved any effects and which components of the intervention may have contributed to its effectiveness. Furthermore, even with high fidelity of delivery, participants may respond differently to the intervention content than intended. For instance, participants may have been given a pedometer to monitor their walking but never used the pedometer or recorded the number of steps walked.
Participants' use of BCTs in their daily life, also called "enactment" [10] , is rarely measured. However, insight in participants' BCT use could advance the evidence base about which techniques are effective in changing behavior and improving clinical outcomes. There is considerable variability in outcomes between participants of efficacious interventions, and it is important to establish which intervention components were most critical for behavior change.
There is some evidence about the associations between participants' use of intervention strategies and changes in physical activity, dietary behaviors, and weight loss. For example, in a physical exercise intervention among adults, intervention engagement, measured by the time spent on an online intervention platform, predicted self-reported behavior change [11] . In a family-based behavioral weight control program, self-reported child and parent adherence to intervention components, such as recording food and calories, was related to better results [12] . In a weight loss program for overweight or obese adults, adherence to treatment components (e.g., attendance, self-monitoring) was associated with improvements in weight loss and biomarkers [13] . A recent study among participants who successfully lost weight found that "intentional strategies" for weight control, such as planning exercise, self-weighing, and writing down calorie content of food, were related to greater recent weight loss and changes in physical activity and dietary behaviors [14] . However, these studies only assessed a small number of BCTs or proxies for BCT use (e.g., time spent online), examined the effects of clusters of BCTs rather than individual BCTs [14] , or assessed target behaviors (e.g., eating breakfast, decreasing fat intake, exercising) instead of BCT use (e.g. self-monitoring, planning) [12] [13] [14] . To our knowledge, no study has examined in the context of a trial of a behavior change intervention participants' actual use of a wide range of BCTs for physical activity and dietary change which were taught in the intervention and whether BCT use is associated with self-reported and objectively measured behavior change and weight change over 1 year.
The current study focuses on the association between enactment of BCTs and behavioral and clinical outcomes among participants in the intervention arm of the ADDITION-Plus trial [15] who were recently diagnosed with type 2 diabetes. Type 2 diabetes is an increasing public health problem worldwide, and physical activity and healthy eating are important target behaviors in both the prevention and treatment of diabetes [16] . The ADDITION-Plus trial investigated whether adding a theory-based, individually-tailored behavior change intervention to intensive type 2 diabetes treatment improved health behavior change. The intervention did not change physical activity, dietary behaviors, and weight over and above intensive treatment alone, but participants in both study groups reported improvements in behavior (decreased fat intake, increased physical activity) over 1 year [17] . As not all intervention participants reported using all behavior change techniques taught in the intervention [17] , heterogeneity in the enactment of BCTs might explain variance in behavioral and clinical outcomes among intervention participants.
The present study examines associations between the use of behavior change techniques and behavior change and weight loss.
Aims
The aim of this study is to investigate whether reported use of behavior change techniques (BCTs) taught in a theory-based behavioral intervention is associated with change in objectively measured and self-reported physical activity (PA) and dietary behaviors and weight loss. More specifically:
1) Is the number of BCTs used by participants related to behavior change and weight loss? Does BCT use in the intervention group enhance weight loss and behavior change relative to the control group? 2) Which specific BCTs are associated with behavior change and weight loss?
Methods

Participants
Men and women (N=478; 40-69 years) with a diagnosis of type 2 diabetes via routine clinical practice within the three previous years (n=239) or via screening (n=239) were recruited to the ADDITION-Plus trial (trial registration ISRCT N99175498) from 34 general practices in urban, suburban, and rural Cambridgeshire, East Hertfordshire, West Suffolk, and North Essex areas of England. The majority of the participants were white (97 % Caucasian ethnicity) and male (62 %), with a mean age of 60 years. Fifty-one percent of participants were in full-or part-time employment. All participants gave their informed consent prior to their inclusion in the study, and the procedures were in accordance with the Helsinki Declaration. Ethical approval was obtained from the Eastern Multi-Centre Research Ethics Committee (reference number 02/5/54). Those randomized to the intervention (n=239) received intensive diabetes treatment plus a facilitator-led, theorybased, individual-level behavior change intervention (ADDITION-Plus). The control group (n=239) received intensive diabetes treatment only [15] . The results of the ADDITION-Plus trial have been published elsewhere [17] . In this study, the main focus is on evaluating BCT use among the intervention participants.
Intervention Description
The ADDITION-Plus intensive diabetes treatment and behavior change intervention has been described in detail elsewhere [15] . All participants were offered intensive diabetes treatment over and above routine multidisciplinary primary care management of diabetes [15] . Participants were encouraged by their practice nurse and in written materials to achieve specific targets for health behavior change, e.g., increase physical activity gradually, decrease the consumption of fatty foods and sugar, and increase the consumption of fruit, vegetables, and whole grains. Participants with a body mass index (BMI) >28 kg/m 2 were encouraged to lose 5-10 % of their body weight.
Intervention participants also received a behavior change intervention, based on psychological theory (theory of planned behavior, Carver and Scheier's control theory, relapse prevention theory, and operant theory) and evidence [18] [19] [20] [21] . The intervention was delivered by three trained lifestyle facilitators from outside the practice team; two had a professional background in nursing, and one in social work. Initial and refresher training took 7 days and covered the delivery of each session, including the theoretical basis and practising the BCTs. The facilitators used detailed protocols to guide each contact with the participant and received on-going supervision and feedback from a clinical psychologist. Facilitators were expected to teach participants a range of BCTs [15] to facilitate change and maintenance in physical activity and dietary intake and to promote medication adherence and smoking cessation, supported by a manual describing the BCTs. The operationalization of these BCTs is described in a supplementary table. Interested patients were offered pedometers. The intervention was delivered over 1 year at the participants' general practice (or if necessary, participants' homes or workplaces), including a 1-h introductory meeting followed by six 30-min meetings and four brief phone calls.
Measures
Measurements were undertaken at outpatient clinical research facilities by trained staff following standard operational procedures and blind to participants' study group allocation. Double data entry was undertaken by independent agencies, blind to the study group [15] . Measurement of weight, height, self-reported behaviors, and plasma vitamin C took place at baseline (before randomization) and at 1-year follow-up. Participants' use of BCTs and physical activity were measured at 1 year.
Behavior Change Techniques
Participants in the intervention group completed a questionnaire, based on one that had been previously piloted and used in the ProActive trial [22] , assessing their use of eight BCTs relating to increasing physical activity and eight BCTs relating to eating a lower-fat diet in the past 11 months (e.g., goal setting, action planning, self-monitoring; see Electronic Supplementary Material (ESM) Table 1 ). We used a binary scale (yes/no).
Principal component analysis (PCA), using the covariance matrix, was used to investigate whether BCTs could be grouped. After examining the scree plot, a solution with two components was best supported. Of the variance, 47.3 % was attributable to the use of BCTs in general (component 1), and 11.3 % was attributable to the contrast of using BCTs for either dietary change or PA change (component 2). In the rest of the paper, the focus is on the use of BCTs in general (component 1). As the PCA-rendered factor score correlated very highly with the composite score "number of BCTs used" (r=.998, p<.001), we decided to use the composite score for the analyses in this paper.
Physical Activity and Dietary Behaviors
Physical activity was assessed with a previously validated questionnaire (EPAQ2) [23] at baseline and 1 year and objectively at 1 year using a combined heart rate and movement sensor (Actiheart, CamNtech, Cambridge, UK) [24] , which participants were asked to wear continuously for at least 4 days. The five participants with wear-time less than 48 h were excluded from analysis. The time-series data were summarized into physical activity energy expenditure (PAEE, in kJ/kg/day).
Consumption of a low-fat diet was measured as the fat percentage of total energy intake, derived from food frequency questionnaires (FFQ) [25] at baseline and 1 year. As an objective indicator of dietary quality, more specifically consumption of fresh fruit and vegetables, we measured plasma vitamin C at baseline and 1 year.
Adiposity
Height and weight were measured at baseline and 1 year, and body mass index (BMI) was calculated.
Demographic Variables
Participants' age, socioeconomic status (SES, occupational class) [26] , and sex were assessed by questionnaire at baseline.
Statistical Analyses
We examined whether number of BCTs used and the proportion of dietary and PA BCTs differed across age groups, gender, and occupational status, using the Mann-Whitney U test and the median test in SPSS.
BCT use was heavily skewed, as a third of participants reported having used all 16 BCTs in the previous 11 months. In order to allow valid and interpretable analysis, BCT use was categorized into three groups of equal size: (1) those who reported using all 16 BCTs, (2) those who reported using 11-15 BCTs, and (3) those who reported using 0-10 BCTs. First, we used analysis of variance (ANOVA) to assess whether BMI in these groups differed at baseline. Behavior-specific BCTs, i.e. BCTs targeting physical activity (PA) and BCTs related to eating a lower-fat diet, also showed skewness and a ceiling effect, so the following categorizations were made for each of them: (1) those who reported using all eight BCTs, (2) those who used six to seven BCTs, and (3) those who used zero to five BCTs. We first used ANOVA models to investigate the extent to which the PAand diet-specific BCT user groups differed in self-reported physical activity and dietary behaviors, respectively, at baseline.
Question 1
We used analysis of covariance (ANCOVA) to compare change in BMI over 1 year (with calculated change scores) across the three BCT use groups (i.e., users of all 16 BCTs, users of 11-15 BCTs, and users of 0-10 BCTs), controlling for age, sex, baseline BMI, 1 and SES. Next, we calculated associations between reported use of BCTs targeting physical activity (PA) and change in physical activity and between BCTs of eating a lower-fat diet and dietary change, respectively. ANCOVA models were used to investigate differences in PA change and dietary change, respectively, across these three groups of behavior-specific BCT use. Finally, we used ANCOVA to compare changes in BMI, physical activity, plasma vitamin C, and fat intake for the three BCT user groups with each other and also with the control group.
Question 2
We used ANCOVA to compare PA or dietary change between those who reported using and not using each individual BCT. We investigated whether BMI change differed across participants who used each individual BCT for (1) both PA and diet, (2) diet only, (3) PA only, or (4) neither. All ANCOVA analyses controlled for baseline BMI, gender, age, and SES. Eta-squared statistics are reported to indicate effect size. Analyses were conducted with SPSS (version 21).
Results
Descriptive Results
On average, BMI in the intervention group did not change significantly from baseline (mean ( [17] . Participants reported increases in physical activity and reductions in dietary fat intake, and plasma vitamin C levels increased over 1 year. Objectively measured physical activity energy expenditure was 35.2 kJ/kg/day (SD=18.2) at 1 year.
Out of 239 intervention participants, 210 (87.9 %) participants provided valid data on all variables at 1 year. Of these, 75 participants (35.7 %) reported that they had used all 16 BCTs during the preceding 11 months. Table 1 shows the use of each BCT, which ranged from 61.5 % (BCTs "Preparing for/dealing with setbacks for PA" and "Using prompts/ reminders for PA") to 88.3 % (BCT "Goal setting for diet"). In total, 85 participants (40.5 %) reported that they had used all eight PA BCTs, and 97 participants (46.2 %) that they had used all eight dietary BCTs.
The number of BCTs used was not statistically significantly different between age groups (p=.061), occupational status (p=.068), and gender (p=.069). However, individuals who used 0-10 BCTs had a lower BMI at baseline than those using 11- . BMI reduction among those using all BCTs was significantly greater (mean difference = 0.59 kg/m 2 , SE=.24, p = .014) than among the ADDITION-Plus control group participants (F(4,426=2.969, p=.019, η 2 =.027, adjusted for baseline BMI) (Fig. 1) . Comparing change in self-reported physical activity between the BCT user groups (in the intervention group) and control group, ANCOVA indicated an association with BCT use (F(4,431=2.884, p=.022, η 2 =.026): those using 11-15 BCTs differed significantly from those using fewer BCTs and from the control group, with increases of on average 2.4 (SD=6.63) METs per day.
The BCT groups did not differ from the control group with regard to changes in plasma vitamin C (F(4,399=1.250, p=.289, η 2 =.012) or fat intake (F(4,428=1.433, p=.222, η 2 =.013). The same patterns emerged when the behavior-specific BCT groups were investigated, with the users of six to seven PA BCTs increasing their PA significantly more than the control group (F(4,431=2.653, p=.033, η 2 =.024). There was no difference between users of diet-specific BCTs and the control group.
The number of PA BCTs used was significantly related to BMI reduction among the intervention participants (F(2,200= 4.730, p=.010, η 2 =.045): those who used all eight PA BCTs lost more weight (M=−1.01 kg/m 2 , SD=2.45) than those who used zero to five PA BCTs (M=.04, SD=1.34). The number of diet BCTs was unrelated to BMI change F(2,203=1.128, p=.326, η 2 =.011). Within the intervention group, the number of PA BCTs used was unrelated to change in self-reported PA over the previous year (F(2,201)=1.188, p=.307, η 2 =.012) or 1-year objective physical activity levels (F(2,193)=.081, p=.922, η 2 =.001) (controlling for baseline self-reported PA for both set of analyses). Similarly, the number of diet BCTs was unrelated to self-reported change in fat intake (F(2,203)= 1.445, p=.238, η 2 =.014) or plasma vitamin C over the previous year (F(2,189)=.224, p=.800, η 2 =.002).
Which BCTs are Associated with Weight Loss and Behavior Change?
We compared BMI change between those who used each individual BCT for (1) both PA and diet, (2) diet only, (3) PA only, or (4) neither, controlling for baseline BMI and other variables. The main effects were significant in participants who used goal setting, goal review, and social support (see Table 2 ). 2 Specifically, those who used goal setting both to eat a lower-fat diet and increase physical activity lost significantly more weight (M change in BMI=−.88 kg/m 2 , SD=2.13) than those who used goal setting for dietary change only (M=.08 kg/m 2 , SD=1.50, p=.029, N=21) or for neither behavior (M=.49 kg/m 2 , SD=.98, p=.023, N=13). Participants who had used social support to change both behaviors lost more weight than those who used it for dietary change only or neither behavior. Those who used goal review for both behaviors lost more weight than those who had used goal review to increase physical activity only or for neither behavior (see Table 3 ). Post hoc group comparisons indicated that participants who used action planning, motivating oneself, selfmonitoring, and preparing for setbacks for both behaviors lost significantly more weight than those who used these BCTs for neither behavior.
The results for ANCOVAs are displayed in Table 1 . Participants' use of specific physical activity BCTs was unre- lated to change in self-reported physical activity and levels of objectively measured physical activity at 1 year. Participants who set goals reported larger increases in self-reported PA than those who did not, albeit not achieving statistical significance (p=.07).
Use of goal setting, goal review, and preparing for/dealing with setbacks in order to eat a lower-fat diet was significantly (p<.05) associated with decreases in self-reported fat intake over the previous year (see Fig. 2 ). Self-monitoring almost reached significance (p=.082). Use of goal review to eat a lower-fat diet was significantly related to increases in plasma vitamin C (nonusers M change=−2.92, SD=22.89, users M=3.63, SD=24.05, p=.042).
Discussion
Only one third of ADDITION-Plus intervention participants with recently diagnosed type 2 diabetes used all 16 BCTs taught in the intervention. Those who reported having used all BCTs showed larger reductions in BMI than those who used 10 or fewer BCTs. Specifically, a higher number of BCTs used for physical activity change was related to larger reductions in BMI. Interestingly, the number of BCTs used was unrelated to change in PA or dietary behaviors. Of the individual BCTs, use of goal setting, goal review, and social support for both behaviors showed the strongest relationship with BMI reduction. No single BCT was significantly related to PA change. Participants who used goal setting, goal review, and prepared for and dealt with setbacks in relation to eating a lower fat diet reported larger reductions in self-reported fat intake. In summary, techniques consistent with control theory [20] as well as social support emerged as promising BCTs in weight control.
Overall, the ADDITION-Plus trial had procedures to ensure high fidelity, e.g., facilitators used detailed protocols for each contact and received on-going supervision and feedback. However, the present study showed that in terms of "enactment," only one third of the participants reported using all the BCTs taught in the intervention. Had more participants enacted all the BCTs for both behaviors, as intended, the intervention may have achieved a greater effect.
Our findings are partially in line with evidence from systematic reviews and meta-analyses of PA and dietary behavior [2, 3, 7, 8] as promising. Contrary to primary studies, e.g., [12] [13] [14] and reviews, e.g., [5] , which identified selfmonitoring as effective, in our study, it was unrelated to behavior change and weight loss. This may be due to inadequate power in part arising from our dichotomous measure of BCT use (yes/no); a measure of frequency of use might have shown stronger associations with behavior change. No BCTs were associated with self-reported and objectively measured physical activity, although use of PA BCTs was related to weight loss. Our study also failed to find associations between use of prompts/cues and PA change contrary to a review of PA interventions among obese individuals [7] . We measured PA change over 1 year, while many studies included in the above systematic reviews have shorter followups. Furthermore, self-reported physical activity is subject to recall, social desirability, and weight-dependent bias. Participants might not be able or willing to accurately report their activity, especially as the EPAQ2 used in our study measures physical activity during the preceding 12 months. As the self-reported PA measure we used includes the time when participants only made initial changes in their physical activity, it might not be the most appropriate measure to assess physical activity at 1 year post-intervention. Furthermore, although objective measurement of PA is more reliable and less prone to bias than self-report, the objective measure only reflects PA behavior over 4 days at 1 year, which may not be representative of usual PA levels. This may be partly due to demand effects, and the absence of a baseline measure, which precluded adjustment for potential confounding arising from differences in the BCT groups' objectively measured activity at baseline. Also, we measured energy expenditure rather than the specific behaviors targeted in the intervention, e.g., walking or cycling. However, as typical PA and dietary behavior during the past year was the target of interest, the most objective, reliable, and valid indicator of any changes in the participant's energy balance behaviors during the past year would be change in BMI. Perhaps the reason that the association was significant for BMI is that it is measured with greater precision than all the other outcomes.
This exploratory process evaluation study has several strengths. To our knowledge, this is the first study to investigate participants' use of a wide range of specific BCTs and associations with behavior change and weight loss. The study assessed a variety of outcome measures, including self-report and objective measures of energy-balance behaviors (physical activity and diet), and BMI.
The study also has its limitations. First, due to the small sample size, the risk of type II errors exists. For this reason, it was also not possible to control for the effects of using other BCTs or combinations of BCTs. On the other hand, some associations may be due to chance because of the large number of significance tests conducted. Also problematic is the low sample size for some subgroup analyses, especially for PA, which tends to have very high variance. Secondly, BCT use was measured with self-reported dichotomous items. The frequency or extent to which particular BCTs are used (e.g., number of days per week) may reveal more variability in responses and mediate intervention effectiveness, e.g., [27] . Furthermore, some BCT labels (e.g., "using prompts and reminders") may have been unclear. Third, BCT use was measured retrospectively at 1-year follow-up, so the causal direction of the effects is unclear: Perhaps participants who lost more weight were more likely to have reported using more BCTs, and those who did not lose weight reported not having used BCTs although they had tried. Future studies could use measurements during the intervention, using approaches such as ecological momentary assessment (despite its disadvantages such as measurement burden and required resources), to increase reliability and validity. Furthermore, even if measurement of BCT use were reliable, perhaps participants who used most BCTs and certain specific BCTs also engaged in another behavior or possessed an individual characteristic that was not measured but which helped to lose weight and was correlated with the BCT use (e.g., attendance at all sessions). Fourth, the comparison with the ADDITION-Plus control group should be interpreted with caution as we did not assess BCT use in this group. It is likely that participants in the control group used some BCTs spontaneously. They were encouraged to increase physical activity, eat a healthier diet, and lose weight during contacts with the practice team and may have set goals and made action plans to change these behaviors as a result. Fifth, it is worth noting that levels of BCT enactment by patients might be lower in routine primary care if the intervention were offered by practitioners with limited or no training in facilitating behavior change.
Which BCTs seem to work best? These findings indicate that for weight loss, using more BCTs and specifically physical activity-related BCTs may be beneficial. Advising on, arranging, or providing social support for both PA and dietary change can also be recommended for weight loss. Setting and reviewing goals appeared useful for weight loss and dietary fat intake reduction, and preparing for and dealing with setbacks for reducing dietary fat intake. The findings have implications for future research and clinical practice. We recommend more research to identify the modifiable determinants of BCT use in daily life (e.g., engagement, attitudes, intention) and to evaluate strategies to promote BCT enactment. Potential strategies include, for example, asking participants to commit themselves to set and review goals regularly, demonstrating BCTs during intervention contacts, informing participants about the evidence linking BCT use to weight loss, and providing feedback on BCT use in subsequent contacts. We recommend that future intervention studies assess participant enactment of intervention BCTs as part of process evaluation, using reliable measures of frequency of BCT use and assessing participants' perceptions of usefulness of individual BCTs and their optimal frequency of use. This has the potential to increase our understanding of mechanisms of effect and improve the efficiency of future interventions.
In terms of clinical practice, as use of a higher number of BCTs was related to weight loss, future interventions should provide a toolbox of BCTs rather than teach a few BCTs only. Also, practitioners could encourage participants to use as many BCTs as possible on the basis of evidence that people who use recommended BCTs are more likely to achieve weight loss. This is one of the first studies to investigate use of BCTs among people with recently diagnosed type 2 diabetes who took part in a theory-based behavior change intervention. We demonstrated that use of a higher number of BCTs was significantly related to weight loss. Use of goal setting, goal review, and preparing for and dealing with setbacks was related to significant reductions in reported dietary fat intake.
The use of goal setting, goal review, and social support to change both PA and dietary fat intake was related to reductions in BMI. Our study demonstrates that measures of enactment have the potential to add value to the process evaluation of behavior change intervention studies.
